Millions of tons of spent garnet, a by-product of surface treatment operations, are disposed of in landfills, oceans, rivers, and quarries, among others every year, thus it causes environmental problems. The main objective of this study is to evaluate spent garnet as a sand replacement in concrete prepared with ground granulated blast furnace slag (GGBS)-based self-compacting geopolymer concrete (SCGC). Concrete mixtures containing 0%, 25%, 50%, 75% and 100% spent garnet as a replacement for river sand were prepared with a constant Liquid/Binder (L/B) mass ratio equal to 0.4. Compressive, flexural and splitting tensile strengths as well as workability tests (slump, L-box, U-box and T50) were conducted on concrete containing spent garnet. As per specification and guidelines for self-compacting concrete (EFNARC) standard, the test results showed that the concrete's workability increased with the increase of spent garnet, while all the other strength values were consistently lower than conventional concrete (SCGC) at all stages of replacement. The results recommended that spent garnet should be used in concrete as a sand replacement up to 25% to reduce environmental problems, costs and the depletion of natural resources.
INTRODUCTION
Currently, the growth in the construction industry and consequent increase in the consumption of natural fine aggregate depletes natural resources [1] . This has increased the consumption of river sand for construction activities, which means that river beds are being over-exploited. This leads to a range of problems that include increased riverbed depth, lower water table, increased salinity and destruction of river embankments [2] . There is a dire and urgent need to explore alternative materials to replace river sand as a fine aggregate in concrete.
Garnet is the general name for a group of complex silicate minerals with similar crystalline structures and diverse chemical compositions [3] . The angular fractures and hardness of garnet, as well as its ability to be recycled, make it desirable for a variety of abrasive purposes. The general chemical formula is A3B2 (SiO4)3, where "A" can be calcium, magnesium, ferrous iron or manganese, and "B" can be aluminium, chromium, ferric iron or, rarely, titanium [4] . Garnet occurs worldwide in many rock types, principally in gneisses and schists; other sources include contact metamorphic rocks, crystalline limestones, pegmatites and serpentines. Alluvial garnet is associated with heavy mineral sand and gravel deposits in many parts of the world [5] . Garnet can be reused several times (about 3-5 times). Finally, when the recycled garnet degrades to a point at which it can no longer be reused in the abrasive blasting process, it is removed from the shipyards and named "spent garnet" [6] .
Portland cement (PC) is the world's most commonly used binder to produce construction materials. Due to its good mechanical properties, relatively low cost, good durability and availability of raw materials, PC concrete is favoured in many applications [7] . However, the production of PC has some major drawbacks, for example, depletion of natural habitats, production of fossil fuels, utilization of high energy and high emissions of CO2 and other greenhouse gases. Therefore, increasing interest in searching for alternative systems such as geopolymer can be observed [8] . These materials may be beneficial regarding the overall sustainability characteristics by applying industrial by-products as a partial precursor material instead of a primary raw mineral binder like PC. Additionally, depending on the raw materials and alkali activators that are applied, the produced endproducts can show better properties compared to PC concrete, such as lower heat of hydration, faster early strength development, stronger aggregate-matrix interface formation, lower thermal conductivity (TC), and higher acid and fire resistance [9] [10] [11] [12] [13] . In general, two types of geopolymer materials can be classified: (a) a high calcium system, with ground granulated blast furnace slag (GGBFS) as a typical precursor, with a C-A-S-H type gel as the main reaction product; (b) a low calcium system with Class F fly ash and metakaolin as representative raw materials, with N-A-S-H type gels within a three-dimensional network as the major reaction product [14] . On the other hand, Selfcompacting concrete (SCC), which flows under its own weight and does not require any external vibration for compaction, has revolutionized concrete placement. SCC, first introduced in the late 1980s by Japanese researchers, is a highly workable concrete that can flow under its own weight through restricted sections without segregation or bleeding [15] . This concrete should have a relatively low yield value to ensure high flow ability, moderate viscosity to resist segregation and bleeding, and it must maintain its homogeneity during transportation, placing and curing to ensure adequate structural performance and long-term durability. While studies on sand replacements for concrete infrastructures are increasing, there is little or no documentation on spent garnet waste as a construction material product. This necessitates the objective of this investigation, which is to study the engineering properties of concrete that incorporates maximum spent garnet as a replacement of river sand.
METHODOLOGY

Materials and Methods
Garnet
The spent garnet was obtained from a source in Johor, a state located in the southern Peninsular Malaysia. The chemical composition of the spent garnet that has been investigated is shown in Table 1 . The spent garnet was kept in an airtight plastic bag and stored in a humidity-controlled chamber. Its physical test data is shown in Table 2 The spent garnet was used in a saturated surface dry (SSD) condition to reduce water absorption during mixing process. Spent garnet was sieved through 2.35 mm sieve and retained at 212 μm. Figure 1 shows the sieve analysis results of spent garnet. The upper and lower limits were derived according to ASTM C33-03 Standard Specification for Concrete Aggregates. 
Ground Granulated Blast Furnace Slag (GGBFS)
The slag was obtained from a source in Johor, a state in the southern part of Malaysia. Slag is commonly used as the source of aluminosilicate to manufacture geopolymer concrete because of its low cost and wide availability. Table 3 shows the chemical composition of slag. 
Fine Aggregate
Locally available sand with a specific gravity of 2.62 [16] under SSD condition was used to ensure that water cement ratio is not affected. In this study, sandreplacing percentage with spent garnet was 0%, 25%, 50%, 75% and 100%.
Alkaline Liquid
In general, alkaline liquids are prepared through mixing a sodium hydroxide solution and sodium silicate at room temperature. When the solutions are mixed together, both start to react with each other and a geopolymerization process occurs [17] . The solids must be dissolved in water to yield a solution of the required concentration. The concentration of a sodium hydroxide solution can vary with different molarity. The mass of NaOH solids in a solution varies depending on the concentration of the solution. For example, a NaOH solution with a concentration of 12 molars consists of 12x40 = 480grams of NaOH solids per litre of water, where 40 is the molecular weight of NaOH. This amount of NaOH solids in one litre of water is most of its volume, so it reduces to 361grams for 12 molar concentrations.
Superplasticizers (SP)
The chemical admixture based on Polycarboxylic ether, which is commercially known as Sika Visco Crete-3430, was used in producing SCC as a superplasticizer admixture to increase the workability properties for the mix. Table 4 shows the mixture proportions design in accordance with the specifications that meet the requirements of British Standards and EFNARC Guidelines [18] . The cement-free binder was made using GGBFS as one of the resource materials, which is mined in Ipoh (Malaysia). The coarse aggregate used in this study was crushed granite stone with a maximum size of 10 mm and a specific gravity of 2.66 in SSD conditions according to ASTM C33-03 Standard Specification for Concrete Aggregates. In geopolymer synthesis, an alkaline solution plays a major role in the dissolution of silica and alumina from the source material, as well as in the catalysis of the polymerization reaction. A combination of sodium hydroxide and sodium silicate was chosen as an alkaline liquid for this experiment. Na2SiO3 (Grade A53) was used along with 55.52% water, 29.75% SiO2, and 14.73% Na2O. NaOH (99% purity, in the form of pellets) was mixed with distilled water to counteract the effects of unknown contaminants in the mixing water. The alkaline activator solution was prepared at least one hour before use. 
Mixture and Samples Preparation
SIEVE SIZE μm
Garnet lower limits upper limits
For all the mixtures, the solution's concentration was kept at 8 M, and to make 1 kg of this solution, 36.1% of pellets were added. 0.3% superplasticizer (Sika Visco Crete-3430) by weight of cement was used to get the required workability for fresh SCGC. 3% SP used was by EFNARC 2002 NOT CLEAR. MODIFY). Tap water was added to the mix according to EFNARC 2002. A total of five mixture samples: TR0, TR1, TR2, TR3, and TR4, were prepared to examine the effects of spent garnet as a replacement for sand on the fresh workability and hardened properties of SCGC. For all the mixtures, the designed spent garnet ratios were 0%, 25%, 50%, 75%, and 100%, while keeping all other test parameters constant. For all the mixtures, the ratio of sodium silicate solution to sodium hydroxide solution by mass was 2.5, whereas the mass ratio of fine aggregates to GGBFS was 2.125. The freshly prepared concrete mixture was then assessed for the essential workability tests required to characterize SCGC. Slump flow, Vfunnel, and L-box tests were conducted for this purpose.
Tests
Slump Flow Test
This is the easiest and most commonly used test method for evaluating the flowability of SCGC. Traditional slump cone equipment was used in this test, although the concrete placed in the mould was not tamped. To conduct the test, the slump cone is put onto a rigid and non-absorbent levelled plate, which was filled with concrete without tamping. After filling, the slump cone is put into a vertical position and the concrete is allowed to flow out freely. The diameter of the concrete is measured in two perpendicular directions, and the average of these two measured diameters is calculated. There is no standardized threshold limit for the slump flow value, although, according to the EFNARC guidelines, the SCC is assumed to have good filling ability and consistency if the diameter of the spread lies between 650mm and 800mm. The test was carried out and the results are shown in Table 5 [18].
T50cm Slump Flow
When conducting the slump flow test, the time taken in seconds is recorded from the time when the cone is raised to the time when the flow spread reaches a 500 mm circle. This flow time, which is called the T50 cm slump flow, indicates the relative viscosity and provides a relative assessment of SCC's unconfined flow rate. Less time indicates an increase in flow ability. It should be noted that higher T50 times will be less meaningful and perhaps more variable for more viscous mixes than for mixes with lower T50 times. This test is usually not used as a factor when rejecting batch of SCGC, but as a quality control diagnostic test. The results are shown in Table 5 [18].
L-Box Test
The L-box test is used to assess the filling and passing ability of SCGC. The apparatus consists of an L-shaped rectangular-section box with a vertical and horizontal section separated by a moveable gate, in front of which vertical reinforcement bars are placed. Before starting the test, the L-box is put onto a firm levelled ground and the inside surfaces of the box. Then the vertical section of the box is filled with concrete, the gate separating the vertical and horizontal compartments is lifted, and the concrete flows through the closely spaced reinforcing bars at the bottom and into the horizontal section of the box. When concrete stops flowing, its height at the end of horizontal section (H2) and in vertical section (H1) is measured to calculate the blocking ratio (H2/H1). The results are shown in Table 5 
V-Funnel Test
This test is mainly used to measure the filling ability (flow ability) of SCGC; it can also be used to evaluate the segregation resistance. The equipment consists of a Vshaped funnel. Approximately 12 kg of concrete is needed to carry out this test. The funnel is totally filled with concrete without compaction or tapping. After the funnel has been filled with concrete, the trapdoor at the bottom is open, and gravity allows the concrete to flow out. The time taken for all the concrete to flow out through the orifice is recorded as the funnel flow time. A funnel flow time between 6 and 12 seconds is generally required for SCGC [18] . The results are shown in Table 5 .
RESULTS AND DISCUSSION
Analysis of the Fresh Properties and the Test Results of SCGC
Fresh properties were determined according to slump flow test (slump flow diameter and T50 cm), L-box test, V-funnel test for various mixture compositions and are given in Table 5 . Mixture sample TR0 is considered as control sample while TR1, TR2, TR3 and TR4 contained 25%, 50%, 75% and 100% spent garnet, respectively.
The test results of quantitative analysis and visual observations indicated that all the concrete mixture samples had the desired fresh properties and were within the EFNARC limits of SCGC [18] . However, the increase in garnet percentage as sand replacement increases the concrete flow and enhances the workability properties because garnet contains more fine particles than the natural sand.
Compressive Strength
The compressive strength test values for the control and spent garnet concrete mixtures are shown in Figure 2 . The test data showed that the compressive strength of spent garnet concrete were lower than the control samples during all curing periods. The percentage decrease in the compressive strength relative to control after 28 days was -2.04%, -4.41%, -5.50%, and -11.92% for TR1, TR2, TR3, and TR4, respectively. This shows a decrease in compressive strength could be partly attributed to the fine particles of the spent garnet, which lack appropriate gradient and shape, and thus cannot fill the pore and optimize the pore structure. However, the rough and angular texture of the spent garnet materials increases the bond between the slag and aggregate interface, thus resulting in high strength [19] . It is worth noting that the strength of geopolymer concrete with spent garnet decreased as its percentage increased. In this study, the replacement of natural sand with spent garnet by up to 100% is favourable for making geopolymer concrete without having any effect on the strength criteria. SCGC specimens cast with a 25% spent garnet replacement for natural sand yielded the highest strength throughout the curing period and are considered to be the optimum mixture. However, on when comparing the results after 7 and 28 days, there was a significant decline in the splitting tensile strength of the spent garnet geopolymer concrete mixtures. The results of the splitting tensile strength of geopolymer concrete after 28 days were -13.51%, -22.78%, -23.47%, and -32.28% for TR1, TR2, TR3, and TR4, respectively. These values were lower than the control mixture. The decrease in tensile strength observed in the spent garnet geopolymer concrete could be due to the weak bonding between the spent garnet particles and the binder paste engendered by the smaller particles of the garnet [20] .
Flexural Strength
Flexural strength is the ability to resist an applied bending force such as encountered by concrete pavements or other slabs on ground. A determination of flexural strength is frequently necessary as part of concrete design mixtures to check compliance with established specifications or to provide information necessary to the design of an engineering structure. Flexural test was conducted at room temperature as specified in ASTM D790. The results for flexural strength at 7 days were found to be 1.26 N/mm 2 , 1.22N/mm 2 , 0.98 N/mm 2, 0.92 N/mm 2 , 0.89 N/mm 2 . The outcomes of 28 days' test were 1.50N/mm 2 , 1.35N/mm 2 , 1.20N/mm 2 , 1.11N/mm 2 , and 0.98N/mm 2 for TR0, TR1, TR2, TR3, and TR4, respectively. It can be concluded that flexural strength obtained for spent garnet samples were lower for both 7 and 28 days in comparison to control samples of geopolymer concrete as shown in Figure 4 . It could be due to the decrease in sand ratio which leads to lower interlock between fine aggregate and binder [21] . 
CONCLUSIONS
Control and spent garnet self-compacting geopolymer concrete mixtures had a satisfactory performance in the fresh properties state. The GGBFS can be used to produce geopolymeric binder phase that can bind the aggregate systems consisting of sand, spent garnet and coarse aggregate to form SCGC. Therefore, these concretes can be considered as eco-friendly materials. The outcomes of mechanical properties (compressive, split and flexure) had indicated significant performance for spent garnet series. However, the increase in sand replacement levels by garnet has caused a decrease in strength. Only 25% replacement of sand by spent garnet could be considered optimum for both flow ability as well as mechanical properties. 
